SUMMARY Fluorescence-and electron-microscopic studies were performed on nerve terminals close to intracerebral blood vessels in the rat. For the electron microscope subdural perfusion fixation with potassium permanganate was used. In the rat cerebral cortex deprived of the bilateral superior cervical ganglion some aminergic terminal boutons containing large and small core vesicles were observed contiguous to blood vessels. These terminals abutted on the capillary basement membrane. Since these terminals are found in the rat after bilateral superior cervical ganglion excision, they probably originate from central catecholaminergic neurons in the brain stem. These findings suggest that central aminergic neurons might play some role in cerebral blood flow regulation. In addition to aminergic terminal boutons, non-aminergic nerve terminals containing non-core vesicles also ended in the capillaries. Cerebral capillaries also have central dual innervation, aminergic and cholinergic, and dual peripheral innervation by sympathetic and parasympathetic fibers.
IT IS GENERALLY accepted that the cerebral arteries are innervated by both sympathetic and parasympathetic nerve fibers.
1 " 8 Recently, Edvinsson et al. have found that central catecholamine (CA) fibers from the CA neurons in the brain stem, visualized by fluorescence histochemistry, closely follow the path of small blood vessels in the brain and suggest that the CA neurons play a significant role in the local microregulation of the cerebral blood flow. 4 Whether or not the central CA nerve terminals, which run along intracerebral arterioles, really innervate the cerebro-vascular system, in addition to the sympathetic supply, should be confirmed by electron microscopic observation.
For electron microscopic visualization of CA nerve terminals, the potassium permanganate fixation method developed by Richardson most suitable for the detection of granular vesicles in the sympathetic CA nerve terminals.
8 " 7 Demonstration of CA nerve terminals in the central nervous system by potassium permanganate has been unsuccessful, presumably because of their paucity. We modified this fixation method to the central nervous system and succeeded in identifying CA nerve terminals originating from the brain stem. 8 To determine whether central CA neurons really take part in control of the cerebral blood flow, we attempted to clarify the morphologic relationship of CA nerve terminals to cerebral blood vessels with electron microscopy.
Methods
Tissues from forty adult albino rats weighing 200 g, in which the superior cervical ganglion had been excised bilaterally two weeks previously, were observed by histofluorescence and electron microscopy. For the histofluorescence study, brains were analyzed with the glyoxylic acid (GA)-formaldehyde fluorescence method 9 as modified by Kimura and Tohyama. 10 Animals were first perfused at constant flow (50-60 ml/min) for 20 seconds with ice cold Krebs-Ringer bicarbonate buffer (with 1.8 g/1 glucose added) which was saturated with a mixture of 95% O 2 and 5% CO 2 . After perfusing the buffer solution we perfused the animals with an ice cold GA solution (pH 7.4) at constant flow (35 ml/min) for seven minutes. This was prepared by dissolving 2% GA in a Krebs-Ringer bicarbonate buffer (initial pH 7.4) (with 1.8 g/1 glucose added). The buffer was saturated with a mixture of 95% O 2 and 5% CO 2 . The brains were rapidly taken out and immersed in 2% ice cold GA solution for five minutes. Then the specimens were rinsed in Krebs-Ringer solution for five minutes. They were frozen in liquid propane, freeze dried for several days, and, finally, treated with paraformaldehyde for one hour at 80°C.
For electron microscopic observation, subdural perfusion fixation with potassium permanganate was carried out as shown by Maeda et al. 8 After perfusion of potassium permanganate solution the cortical tissue slices were dissected out and refixed in the same solution. The tissue slices were rinsed in Ringer solution, stained en bloc with 1% uranyl acetate, dehydrated and embedded in Epon 812. Ultrathin sections were made on a Porter-Blum ultratome and stained with lead citrate. The sections were examined in an HU-12 electron microscope. Electron microscopic observations were made on most serial sections. Several animals were used as control for histofluorescence and electron microscopic analysis.
Results

Fluorescence Microscopy
Two weeks after bilateral excision of the superior cervical ganglion (SCG), intensely fluorescent nerves in the adventitia of the pial arteries had disappeared and faint green fluorescent nerve terminals of varicose appearance were sometimes found contiguous to small blood vessels in the cerebral cortex. The fluorescent fibers approached the vessels, followed for a small distance and left the vessels as Edvinsson et al. described (fig. I) . 4 Therefore the fluorescent nerve terminals close to the small intracerebral arteries, which were present after bilateral excision of SCG, must originate from central CA neurons and have no relation to the sympathetic nervous system.
Electron Microscopy
In the various areas of the cerebral cortex (somatomotor area) of thirty rats deprived of the bilateral SCG, varicose nerve terminals containing large and small core vesicles were often observed; most of them showed no close relationship to the cerebral blood vessels. However, detailed observation under relatively high magnification revealed that there exist several aminergic terminal boutons contiguous to blood vessels in the brain tissue. The wall of these blood vessels usually had no muscle layers and therefore the vessels were considered to be capillaries. It should be stressed that no aminergic terminal was found in the adventitia of arteries with muscle layer. These aminergic terminals, demonstrated with potassium permanganate, showed axonal bulging measured 500 to 800 rmx in diameter ( fig. 2) , and large core vesicles of 80-120 m/* (arrow in fig. 2-4 ) and small core vesicles of 40-60 mp contained central electron dense precipitate attributable to noradrenaline (NA) by Hokfelt and Jonsson. 11 Serial sections showed that terminal boutons containing core vesicles first appear in the surrounding perivascular end-feet of astrocytes as they approach the capillary wall, penetrating the cytoplasm of astrocytes. Finally, these terminals were located contiguous to the basement membrane of the capillary ( fig. 2-8 ). Small core vesicles found in the terminal sometimes aggregated close to the membrane apposing to the basement membrane of the capillary ( fig. 2-8 ).
In addition to aminergic nerve terminals, terminals containing non-core vesicles were also observed in the end-feet of astrocytes which surrounded the capillary ( fig. 3-a) . These non-aminergic terminals also appeared varicose. They penetrated the end-feet of perivascular astrocytes and gradually approached the basement membrane of the capillary ( fig. 3-a) . Ultimately, the terminals touched the basement membrane of the capillary ( fig. 3-b) .
Discussion
Numerous attempts to study the autonomic nerves accompanying the cerebral vessels have been made."" 14 Since Willis first found nerve fibers on the anterior and posterior cerebral arteries, many authors have shown that two types of axon terminals end in the adventitia of the cerebral arteries.
1 -' • " One of them, containing core vesicles, is thought to be adrenergic and originates from SCG and a second containing non-core vesicles is probably a cholinergic terminal of unknown origin. The role of these nerve fibers accompanying cerebral blood vessels is controversial. Recently Purves presented structural and functional evidence suggesting that a neurogenic control is one of the factors regulating the cerebral blood flow." Various experiments, including administration of sympathomimetic amines, sympathetic nerve stimulation etc. have shown this to be probable."'" Insufficient attention has been paid to the central CA neuron system, though several have discussed this question. 4 Rennels and Nelson 20 demonstrated by electron microscopy that these were axon terminals close to capillary pericytes in the feline brain. Even in the investigation 4 which suggested that the central CA neuron system could possess important fig. 2-1 to 2-7 aminergic nerve terminal (*) gradually approaches the cerebro-vascular innervation, direct proof has been lacking. We succeeded in demonstrating by electron microscopy the presence of aminergic nerve terminals which abut the basement membrane of the cerebral blood capillaries. These terminals probably originate from central CA neurons, since they are found in the rat subjected to bilateral SCG excision. The terminals demonstrable in the brain are considered to be mostly noradrenergic. NA fibers to the cerebral cortex in the rat are exclusively supplied by locus coeruleus (LC)."~2 4 Therefore, the NA nerve terminals must originate from LC. The cerebral blood capillaries in other regions of the brain might be supplied by other neurons which innervate such regions.
Although the physiological role of NA cannot be surmised from morphology, the present study suggests that the central NA neurons might play some role in the local microregulation of the cerebral blood flow. In lower vertebrates, whose aminergic neuron system remains immature in the wall of the capillary and in fig. 2-8 brain, 25 ' 29 the sympathetic CA fibers following the brain tissue arterioles are much more frequently observed than in mammals. Therefore, it is likely that the sympathetic system might play a more important role on regulation of blood flow in the lower vertebrate brain and during evolution to mammalians the local cerebral blood flow regulation may be influenced by the central CA neurons together with the sympathetic nerves.
Non-aminergic nerve terminals with empty vesicles also made contact with cerebral blood capillaries. These terminals come from brain tissue to penetrate astrocytes and touch the end of the basement membrane of the capillaries. These terminals are probably cholinergic nerve terminals originating from unknown cholinergic sites in the central nervous system. This result suggests that cerebral blood capillaries also have central dual innervation, aminergic and cholinergic, as well as peripheral dual innervation of the sympathetic CA nerve fibers and cholinergic nerve fibers. The innervation of the cerebral arteries is schematically drawn in fig. 4 .
